A B S T R A C T We devised a new method for examining the structural changes that occur in trabecular bone in aging and in osteoporosis. With simultaneous measurement of total perimeter and bone area in thin sections, indirect indices of mean trabecular plate thickness (MTPT) and mean trabecular plate density (MTPD) can be derived, such that trabecular bone volume = MTPD X MTPT. MTPD is an index of the probability that a scanning or test line will intersect a structural element of bone, and is the reciprocal of the mean distance between the midpoints of structural elements, multiplied by 7r/2. We applied this method to iliac bone samples from 78 normal subjects, 100 patients with vertebral fracture, and 50 patients with hip fracture. The reduction in trabecular bone volume observed in normal subjects with increasing age was mainly due to a reduction in plate density, with no significant decrease in plate thickness. The further reduction in trabecular bone volume observed in patients with osteoporotic vertebral fracture was mainly due to a further reduction in plate density. There was a relatively smaller reduction in plate thickness that was statistically significant in males but not in females. Only in patients with hip fracture did trabecular thinning contribute substantially to the additional loss of trabecular bone in osteoporosis relative to age. These data indicate that age-related bone loss occurs principally by a process that removes entire structural elements of bone; those that remain are more widely sep-
A B S T R A C T We devised a new method for examining the structural changes that occur in trabecular bone in aging and in osteoporosis. With simultaneous measurement of total perimeter and bone area in thin sections, indirect indices of mean trabecular plate thickness (MTPT) and mean trabecular plate density (MTPD) can be derived, such that trabecular bone volume = MTPD X MTPT. MTPD is an index of the probability that a scanning or test line will intersect a structural element of bone, and is the reciprocal of the mean distance between the midpoints of structural elements, multiplied by 7r/2. We applied this method to iliac bone samples from 78 normal subjects, 100 patients with vertebral fracture, and 50 patients with hip fracture. The reduction in trabecular bone volume observed in normal subjects with increasing age was mainly due to a reduction in plate density, with no significant decrease in plate thickness. The further reduction in trabecular bone volume observed in patients with osteoporotic vertebral fracture was mainly due to a further reduction in plate density. There was a relatively smaller reduction in plate thickness that was statistically significant in males but not in females. Only in patients with hip fracture did trabecular thinning contribute substantially to the additional loss of trabecular bone in osteoporosis relative to age. These data indicate that age-related bone loss occurs principally by a process that removes entire structural elements of bone; those that remain are more widely sep-INTRODUCTION Iliac bone biopsies are frequently performed in patients with osteoporosis, both for diagnosis and for research, but most investigators have examined the process of trabecular bone loss solely in terms of the amount of bone, giving no attention to its spatial distribution or microscopic structure (1) (2) (3) (4) (5) (6) (7) (8) . The amount of bone, usually expressed as a fraction or percentage of the volume of trabecular tissue and referred to as trabecular bone volume (TBV)', is a useful index, since it differs significantly between old and young persons, between elderly males and females, and between patients with vertebral compression fractures and healthy subjects of the same age (1-3), but no single index can adequately describe the structural effects of aging and disease on trabecular bone. Low power stereoscopic light microscopy and scanning electron microscopy of unembedded thick sections of trabecular bone disclose a complex three-dimensional network of curved plates and bars (9, 10) . The size, shape, orientation, distribution, and connectivity of these structural elements can substantially affect both the biomechanical properties of trabecular bone (11, 12) and its internal surface area (12, 13) , which is an important determinant of hormone responsiveness and of remodeling activity.
Since direct examination of three-dimensional structure requires removal of soft tissues and precludes the preparation of thin undecalcified sections, it is incompatible with most of the purposes for which bone biopsies are performed. Fortunately, considerable insight into three-dimensional structure is possible by making better use of the two-dimensional information available in thin sections and by applying the principles of stereology (13) (14) (15) , which require only that perimeter and area measurements in a section are made on the same structures at the same magnification, and that the measurement device is calibrated. Using this approach, we confirmed and extended earlier reports that, in the normal bone loss of aging, entire structural elements are removed, with increased separation between, but little change in the thickness of, those remaining (13, (16) (17) (18) (19) (20) , and we show for the first time that these structural characteristics are more evident in patients with osteoporosis and fractures, a fact with important implications for the cellular mechanism involved.
METHODS
Transiliac bone biopsies with cortex at each end were obtained with a trephine of 7.5 mm i.d. (21, 22) The previously unembedded biopsy specimens were placed in 70% ethanol, prestained by the Villanueva method, embedded in polymethylmethacrylate, and sectioned with a Jung-K microtome (24) . Sections prepared from previously embedded blocks were stained after sectioning with toluidine blue. In accordance with normal stereologic practice, no attempt was made to control the plane of sectioning. Trabecular bone area as a fraction of total trabecular tissue area (marrow and bone) and the perimeter of marrow-bone interface (in millimeters per square millimeter of tissue area) were measured in the same microscopic field, either by counting point hits and line intercepts with a Zeiss integration plate II eyepiece graticule (15) (2, 13) but included the entire trabecular tissue area in the section. The demarcation between trabecular and cortical bone was made according to a previously described rule (26) , and the endosteal border of the cortex was not included in the perimeter measurements. All measurements were made at a total magnification, including both eyepiece and objective, of X 25, since the apparent perimeter length increases at higher magnification because of increased resolution of surface irregularities (27 (28) and is slightly smaller than the value 4/w (1.273) used for structures without preferred spatial orientation (15) . Bone surface to volume ratio (bone surface area in square millimeters per cubic millimeter of bone S/ V) is given by S/V = (Sv/TBV)100. Normal trabecular bone consists mainly of interconnecting plates (9, 10) and it is conceptually useful to partition the total TBV into an index of the thickness of individual plates and an index of the number of plates. An indirect estimate of mean trabecular plate thickness (MTPT) in micrometers is given by MTPT = 2,000/(S/V) (13) (14) (15) plied by 7r/2, it is an estimate of the mean marrow cavity width averaged over all directions of scanning ( Fig. 2 and reference 15) . To clarify the relationships between the derived threedimensional quantities, each can be expressed solely in terms of the primary measurements. Denoting the total bone perimeter length in millimeters as PB, the total bone area in square millimeters as AB, and the total section area in square millimeters (treated as a constant) as AT, then TBV = (AB/ AT)100, SV = (PB/AT)1-199, S/V = (PB/AB)1.199, MTPT = (2,000/1.199) (AB/PB), MTPD = (1.199/2)(PB/AT), and MTPS = (2,000/1.199)(AT -AB)/PB. For statistical calculation, comparison of means was performed with an unpaired t test or one-way analysis of variance as appropriate (30, 31) , comparison of proportions by the chi-squared test (30) , comparison of standard deviations by the F (variance ratio) test (31) , and linear regression and correlation coefficients computed by the method of least squares (30) .
In the control subjects, there was no significant difference in age or in any primary measurement or derived index between the autopsy and biopsy cases. The results of all indices in the control subjects classified by sex and by age with division at 50 yr are given in Table II . In females, TBV was significantly lower in the older subjects, with an approximately proportional decrease in Sv and in plate density, and a significant increase in plate separation. There was no change in S/V or trabecular thickness. The same directional changes were observed in the male subjects, but they were of smaller magnitude than in females and attained statistical significance only for plate separation.
The relationships of the principal structural indices to age in the female control subjects are shown in Fig.  3 and the parameters of the regression equations for both sexes are given in Table III . In females, both TBV and plate density showed a highly significant negative regression on age, but for plate thickness the slope did not differ significantly from zero. The dispersion of the data increased with age for plate thickness (with a suggestion of bimodality), but decreased with age for plate density, with corresponding changes in the standard deviations (Table II) . In males, results were similar, except that the slopes and r values for TBV and MTPD were smaller than in females. Even when data from the two sexes were pooled, the fall of MTPT with age did not attain statistical significance, but there was a higher proportion of both high and low values, and the increase in standard deviation was more significant than in females alone (Table II) . If age-predicted values for TBV and MTPD are obtained from the regression equations, a notional predicted value for MTPT is given by (predicted TBV)1o/(predicted MTPD); this calculated quantity declines only by -1% per decade in both sexes. The relationship between TBV and plate thickness and density in individual cases is shown in Fig. 4 , and corresponding regression equations are given in Table IV Table III. for MTPD were below the lower descriptive boundary for normal subjects (Fig. 5) . Mean TBV was 40% lower than expected for the patients' age (Tables V and VI) , with a corresponding increase in plate separation of 71% (Table V) , but plate thickness was reduced by only 8% (Table VI) . In contrast to density, the change in thickness as not significant (Table V) ; furthermore, the relative deviation from age-predicted values was significantly smaller for thickness than for density (Table VI) . The same directional differences were present in males with compression fracture (Table V) . Compared with age-predicted values (Table VI) , the deficit in TBV was larger than in females (48%), even though the absolute values were similar. As in females, most of this difference was due to a reduction in plate density of 35% (Table VI) , with a corresponding increase in plate separation of 56% (Table V) . In contrast to females, there was also a significant reduction in plate thickness of 18%, which made a relatively greater contribution than in females to the low TBV, but the relative deviation from age-predicted values was still significantly less than for plate density (Table VI) . The relationship between TBV and plate thickness and density in individual cases is shown in Fig. 6 and corresponding regression equations are given in Table IV . In contrast to normal subjects, variation in plate density and in plate thickness made approximately equal contributions to the variation in TBV, but most individual values for plate thickness were normal, whereas many individual values for plate density were reduced.
The clinical heterogeneity of the hip fracture patients had no discernible effect on the results. There was no significant difference in any measurement or 4 Relationship between TBV and MTPT in control subjects, with younger subjects on the left and older subjects on the right. The Data from all subjects. P < 0.001.
I Intercept significantly lower than in young normal subjects (P < 0.001).
* P < 0.001.
"Slope significantly lower than in old normal subjects (P < 0.001).
1 Slope significantly lower than in old normals (P < 0.05).
compression fracture patients (Table V) , but the deviations from age-predicted values showed significant differences between the two fracture types (Table VI) . In white, nonalcoholic, hip fracture patients, TBV was only 27% less than expected, a smaller deficit than in those with compression fractures. Trabecular plate thickness was significantly lower in the combined hip fracture patients than in the older normal subjects (P < 0.02). Furthermore, the reduction in plate thickness of -20% made a greater contribution to the additional loss of trabecular bone than the reduction in plate density of -8% (Table VI) ; compared with compression fracture, this represents a reversal in the relative importance of these structural changes. However, the absolute deficit in hip fracture patients compared with young adults was still greater for plate density (-37%) than for plate thickness (-21%). The relationship between TBV and plate thickness and density in individual cases is shown in Fig. 5 and corresponding regression equations are given in Table IV Patients classified by type of fracture and by sex. Numbers of cases and ages in Table I . P values refer to differences between the fracture patients and controls (columns 1, 3, and 4), between sexes (columns 2 and 5), or between fracture types (column 6).
a P < 0.001. Fig. 3 ; note that MTPD discriminates between normal and osteoporotic subjects more effectively than TBV. in the entire study population, subdivided into those with and without fractures is shown in Fig. 7 . There was a highly significant correlation between these two conceptually independent measurements in each group and in the two groups combined (r = 0.828, P < 0.001).
Over a wide range, the individual points conform reasonably well to a theoretical model of the relationship between the surface density and porosity of bone (12), with porosity for trabecular bone defined as 100 -TBV. This relationship will no longer hold when porosity falls much below 60% (TBV > 40%).
DISCUSSION
The concept of MTPD that we have originated is central to the interpretation of our data and to the inferences that we will draw concerning the mechanisms of bone loss. MTPD must be distinguished from the number of isolated trabecular profiles observable in a histologic section. This number can increase, even though MTPD as we have defined it is reduced, as is evident from Fig. 2 Table IV indicate reduction in slope in both groups compared with older normals.
but the dependence of total surface on the frequency partitioned into its two principal structural compoof intersection and so on the distance between struc-nents. tural elements has not previously been demonstrated. MTPD, which is the reciprocal of the mean distance between the midpoints of structural elements, multiplied by 7r/2 (Figs. 1 and 2 and Table VIII) accurately reflects the structural changes and enables the reduction in TBV both in aging and in osteoporosis to be Our normal subjects were relatively few in number and diverse in origin, but the changes we observed with age are similar to those found by other investigators. The values for TBV were slightly higher than in other series (1, 2, 4); this was possibly because we included the peripheral zone of the trabecular space. Column 1 includes patients without diabetes, alcoholism, or other specified condition. The combined group includes 11 patients with diabetes, seven with chronic alcoholism, three receiving thyroxine, two with rheumatoid arthritis, two with asymptomatic hyperparathyroidism, one each with myelomatosis and mild chronic renal insufficiency, and four with values for relative osteoid volume between 5 and 10%; five patients had more than one of these conditions. The diabetic group includes one patient with alcoholism, and the alcoholism group includes one patient with diabetes. The miscellaneous group includes all cases with a condition other than diabetes or alcoholism; four had diabetes as well. None of the differences between the groups is significant, except that the combined group and the alcoholism group were significantly lower in age than the group without other conditions. (2) . Some of the most severely affected patients were probably excluded by the need for an unfragmented specimen, but the lower limit of TBV was only slightly higher than in other series (2) . Among patients with compression fractures, males were significantly younger than females; most would be classified as having idiopathic osteoporosis, a condition that differs in several respects from the much more common postmenopausal and age-related osteoporosis (33) . In the patients with hip fracture, our mean value for TBV of 12.77 is similar to the mean value of 13.44 reported recently from the Netherlands (34) , with a similar lack of sex difference in the absolute values. In that study, TBV was lower than in age-matched control subjects in males with hip fracture, but not in females. However, using the regressions of TBV on age determined in younger control subjects (Table VI) , we did not observe such a sex difference.
All the data lead to the conclusion that the normal loss of trabecular bone with age occurs predominantly by a process that removes entire structural elements of bone, leaving those that remain more widely separated but only slightly reduced in thickness, thus transforming the mainly continuous trabecular network characteristic of a young person into the mainly discontinuous network characteristic of the elderly (Fig. 2) . These structural changes are more severe in patients with compression fractures, in whom the additional deficit in TBV compared with normal subjects of the same age was the result mainly of a further reduction in trabecular plate density and further increase in trabecular plate separation. Unfortunately, we cannot determine from our data whether these (Fig. 3) . This distinction has important implications for the treatment of osteoporosis. An increase in TBV, however produced, can only occur by thickening of existing trabeculae. The compressive strength of trabecular bone depends more on preservation of connections between the structural elements than on the amount of bone present (11); the thickened trabeculae produced by treatment would remain disconnected, so that increasing TBV even to normal would not restore a biomechanically normal skeleton. Once lost, trabecular plates can never be replaced. Consequently, prevention of bone loss is much more important than attempting to repair the damage once it has occurred. Possible cellular mechanisms for loss of bone must be considered in relation to the intermediary organization of the skeleton (37) and the quantum concept of bone remodeling (38) . According to this concept, a finite amount of bone is removed from a surface by osteoclastic resorption and the resultant cavity is then more or less completely refilled by osteoblasts appearing in the same location to form a new bone structural unit, which is separated from older bone by a cement line. The focal imbalance between the amounts of bone resorbed and formed, which is both a necessary and a sufficient condition for bone loss, can arise because either the cavity eroded is too large or the new structural unit formed within the cavity is too small. An index of the size of new bone structural units is the mean distance between quiescent bone surfaces and the cement line, referred to as mean wall thickness (39) . This quantity declines with age and is lower in patients with osteoporosis than in normal subjects of the same age (40) , indicating a defect either in the recruitment of osteoblasts or in their individual activity (41) . However, the mnean thickness of interstitial bone separating structural units on opposite sides of a trabecular plate increases with age (29, 42) , indicating that the mean depth of resorption cavities also declines with age, although by a lesser amount than mean wall thickness.
It is reasonably well established that this cellular mechanism underlies the slow reduction in trabecular plate thickness with increasing age (29, 42) , but it is highly unlikely that the same mechanism is responsible for the reduction in trabecular plate density. First, if complete loss of a trabecular plate was the end result of progressive trabecular thinning, then the reduction in plate thickness would occur at an earlier age than the reduction in plate density, which is the opposite of what happens (Tables II and V) . Second, there would be progressive accumulation of plates that were thinner than normal plates, representing the transitional stages before complete removal (Fig. 8 A) (17) .
If complete loss of a trabecular plate is not due to a defect in osteoblast function and consequent reduction in mean wall thickness, the obvious alternative is an abnormality in osteoclast function leading to increased depth of resorption cavities. With such a defect, successive cycles of remodeling could quickly lead to focal perforation of a trabecular plate, and progressive enlargement of the perforation could ultimately remove the plate completely (Fig. 8 B) . Currently, active perforation is difficult to find, as would be expected if it was a rapid and so short-lived process, but it has been directly observed in the vertebral bodies by Arnold (43) , who assigned to this process a central role in the conversion of trabecular plates to bars and rods (44) . Serial computed tomography of the spine after bilateral oophorectomy discloses focal defects consistent with trabecular plate perforation after -2 yr (45). Finally, exaggerated depth of resorption cavities has been demonstrated directly in the vertebral bodies of monkeys immobilized in a plaster jacket for 2 wk (46), establishing the existence in a primate species of the defect in osteoclast function that is proposed to account for the main structural component of agerelated bone loss.
On the basis of the data presented here, the inferences drawn from these data, and supporting data from numerous other studies, we give a tentative description of the microstructural and cellular basis of age-related bone loss, which can serve as the basis of future research. In the first 5 yr after menopause in women, there is a period of rapid bone loss (33) brought about by perforation of trabecular plates and progressive enlargement of the perforations and eventual conversion of the plates to bars and rods (44) . This is initiated both by an increase in the overall rate of bone remodeling (47) , and by augmentation of individual osteoclast function, so that resorption cavities are eroded to a greater depth than normal. In time, the rate of bone turnover falls and resorption cavities get progressively shallower, but there is continuing slow bone loss due to thinning of residual structural elements as a result of the decrease in the number and/ or stamina of osteoblasts described earlier. Clinical osteoporosis could occur because bone mass at maturity was too low (whether as a result of too few trabecular plates, thinner than normal plates, or both), because of exaggerated loss of trabecular plates, or because of excessive thinning of residual trabecular plates. Varying combinations of these different factors in individual patients with compression fractures would contribute to the histologic heterogeneity in their bone biopsies (7, 48) .
Such conclusions are independent of the state of bone remodeling at the time of the biopsy. Based on in vivo double tetracycline labeling, the mean bone formation rate is substantially reduced in patients with postmenopausal osteoporosis (48) . Most such patients are no longer losing bone faster than normal persons of the same age, whether judged by serial dual photon absorptiometry of the spine (49) , by external calcium balance (50, 51) , or by serial metacarpal morphometry (52) . Moreover, mean TBV in patients with compression fractures is the same at all ages (reference 3 and Fig. 5 ). Consequently, it can be inferred that the bone resorption rate must also be reduced in the majority of osteoporotic patients. The methods we devised for examining the wreckage of the skeleton enabled us to reconstruct what must have happened in the past, even if it came to an end a decade or longer before the biopsy. The previous episodes of increased bone resorption that we have inferred are supported by much biochemical (53) and calcium radiokinetic (47) data obtained in normal postmenopausal females, and are entirely consistent with a reduced rate of bone resorption at the time of the biopsy.
